
Biological Control 37 (2006) 1–8

www.elsevier.com/locate/ybcon
Mitochondrial DNA diversity and Wolbachia infection
in the Xea beetle Aphthona nigriscutis (Coleoptera: Chrysomelidae): 

An introduced biocontrol agent for leafy spurge

R. Roehrdanz a,¤, D. Olson b, R. Bourchier c, S. Sears a, A. Cortilet d, G. Fauske b

a Biosciences Research Laboratory, Red River Valley Agricultural Research Center, Agricultural Research Service, 
US Department of Agriculture, Fargo, ND, USA

b Department of Entomology, North Dakota State University, Fargo, ND, USA
c Agriculture and Agri-Food Canada, Lethbridge, Alta., Canada

d Agricultural Resources Management and Development Division, Weed Integrated Pest Management Unit, 
Minnesota Department of Agriculture, St. Paul, MN, USA

Received 12 April 2005; accepted 7 December 2005
Available online 20 January 2006

Abstract

Aphthona nigriscutis is one of several species of Aphthona Xea beetles that have been introduced into North America in an eVort to
control the weed, leafy spurge (Euphorbia esula). It has been a very eVective biological control agent at some locations but not at others.
Overall genetic diversity is one parameter that could have an eVect on Aphthona establishment at speciWc locations. We have examined the
genetic diversity of mitochondrial DNA in populations of A. nigriscutis from several North American collection sites. The results indicate
that the insects are divided into two mtDNA clades. About 78% of the individuals comprise a clade (A) that has little or no mtDNA
diversity. The remaining insects in the other clade (B) display extensive diversity with 15 haplotypes observed. The two subpopulations
coexist at most locations. The bacterial endosymbiont Wolbachia has been discovered in some individuals. About 86% of the individuals
from mtDNA clade A tested positive for Wolbachia. Portions of the Wolbachia ftsZ and wspA genes were sequenced and the sequences
have been shown to fall within the Wolbachia Supergroup A. None of the insects from clade B appear to be infected. The association of
Wolbachia with one, but not both, mtDNA clades of A. nigriscutis may play a role in limiting genetic diversity within beetle populations.
Published by Elsevier Inc.
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1. Introduction

Several species of Chrysomelid Xea beetles from the
genus Aphthona have been introduced into North America
since the late 1980s in an eVort to control the invasive weed,
leafy spurge (Euphorbia esula L.). Both the plants and the
insects are natives of Eurasia. In a broad sense, biological
control of leafy spurge has been quite eVective, with an 80–
90% reduction of spurge at sites where Aphthona Xea bee-
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tles have become established (Anderson et al., 1999; Team
Leafy Spurge). Four species account for almost all of the
currently established populations, Aphthona Xava Guille-
beau, Aphthona cyparissiae Koch, Aphthona lacertosa
Rosenheim, and Aphthona nigriscutis Foudras. The latter
two are dominant at most established North American
sites.

One downside that has become apparent as the beetle
populations have been expanded in both natural dispersal
and continued introductions is that they fail to establish at
many spurge infested locations. This diYculty is more pro-
nounced in A. nigriscutis. Species diVerences in habitat pref-
erences and dispersal capabilities along with local variation
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in the spurge may explain some of the failures (Flaherty,
2001; Jonsen et al., 2001; Müller-Schärer et al., 2004; Mun-
dal et al., 1999). The presence of a genetic bottleneck and a
reduction in genetic diversity could also restrict the eVec-
tiveness of the beetles in certain environments or on certain
strains of leafy spurge. Many insects imported as potential
biological control agents are collected as small populations
from one or few sites and may not reXect the full genetic
diversity of the species. Consideration of the genetic diver-
sity has the potential for making biological control agents
more broadly eVective (Hopper et al., 1993). Many of the
Aphthona beetles redistributed in the central USA and
Canadian prairies also come from a relatively small number
of beetle recollection sites. A genetic bottleneck may have
occurred at initial collection sites for importation and/or at
collection sites for redistribution of A. nigriscutis, resulting
in a narrowed genetic base that may limit beetle adaptabil-
ity at new release sites.

Little is known about the inherent genetic variability of
the Aphthona species, either as released populations in
North America or as endemic species in Europe and Asia.
Our overall goal is to assess the genetic variation of the
Aphthona populations that have become established in the
USA and Canada, beginning with an examination of mito-
chondrial DNA. There have been reports of Wolbachia
infections in North American A. nigriscutis (Kazmer, 2001;
Nowierski et al., 2001). Wolbachia infections can have a
direct inXuence on reducing the diversity of mtDNA (Arm-
bruster et al., 2003; Behura et al., 2001; Shoemaker et al.,
2003). There are conXicting views regarding the possible
extent to which Wolbachia may also aVect the nuclear
genetic diversity (Ballard et al., 2002; Telschow et al., 2002).
Because A. nigriscutis is such an important biocontrol
agent of leafy spurge, any factor that may aVect its estab-
lishment and reproductive success is of interest. Therefore,
we also tested the populations for the presence of Wolba-
chia and deWned the Wolbachia that we found. This report
details the mtDNA diversity from the species A. nigriscutis,
the distribution of that diversity, and the impact of Wolba-
chia on that diversity.

2. Materials and methods

2.1. Insects

Adult A. nigriscutis were collected from established sites
in North Dakota (ND), Minnesota (MN), and Alberta
(AB), Canada. Insects from the USA were brought to
Fargo live and frozen at ¡80 °C for future use. Insects from
Canada were frozen in Canada and sent to Fargo packed in
dry ice. The three ND collection sites were near Medora
(MED) (lat: 46.9444, long: ¡103.5333) in southwestern ND,
near Lisbon (LIS) (lat: 46.4166, long: ¡97.5000) in the
southeastern part of the state, and in Ward County (WAR)
(lat: 48.3083, long: ¡101.3333) near Minot in north central
ND. The Minnesota collections were from the Minnesota
River Valley in Eden Prairie and Shakopee near the Minne-
apolis-St. Paul metropolitan area. RIV is near Grass Lake
(lat: 44.81807, long: ¡93.45514), FCL is by the Flying
Cloud Airport (lat: 44.81895, long: ¡93.47341) (both north
of the river), and BLU is at Blue Lake (lat: 44.79591, long:
¡93.43922) which is south of the river. The ALB4 site is in
southern Alberta, Canada about 20 km southwest of Leth-
bridge, AB (lat: 49.584167, long: ¡112.871111). A. nigriscu-
tis was incidental at two other sites in southern Alberta,
ALB1 (lat: 49.244722, long: ¡113.260278) and ALB3 (lat:
49.181389, long: ¡113.308333).

The most frequent Aphthona species found at these sites
was A. lacertosa, but A. cyparissiae and A. Xava could
sometimes be present in small numbers. Initial sorting sepa-
rated the black beetles, A. lacertosa, from all of the others
which are brown. Specimens, as numbered sample exem-
plars, were submitted to Dr. Fauske for species identiWca-
tion. Species determinations were based upon external
morphology, internal morphology, and genitalic dissection.
Previously identiWed mtDNA clades were than assigned to
species based upon matching sequences in the morphologi-
cally determined specimens.

2.2. DNA preparation and PCR

Total beetle DNA was extracted from either whole
insects or the head and thorax portion via the high salt pro-
cedure of Cheung et al. (1993). Alternatively, DNA was
extracted from one of the hind legs using the DNeasy Tis-
sue kit (Qiagen, Valencia, CA). When only a partial insect
was used, the remainder of the insect was returned to the
freezer at the Biosciences Research Laboratory in Fargo as
a voucher specimen. The mitochondrial primers 16S2 (LR-
N-12945 5�-GCGACCTCGATGTTGGATT) and C2R
(C2-J-3684 5�-GGTCAATGTTCAGAAATTTGTGG)
were used to amplify a portion of the mtDNA about 9 kb in
length. Reaction components were from the Applied Bio-
sciences XL kit and the long PCR conditions and mtDNA
primers were as described previously (Roehrdanz, 1995;
Roehrdanz and Degrugillier, 1998). The PCR products
were digested with the restriction endonucleases XbaI, AseI,
AluI, SspI, DraI, DpnII or HinfI. VeriWcation of the proper
sized amplicons and the restriction fragment length poly-
morphism (RFLP) patterns were made using agarose gel
electrophoresis and ethidium bromide staining in the com-
pany of molecular size standards. Individual RFLP pat-
terns were given an alphabetical designation while the
composite haplotypes were numbered in the order they
were discovered. Some initial haplotype numbers in
sequence were discarded when those individuals were deter-
mined to belong to one of the other existing haplotypes.

2.3. Wolbachia

The presence of Wolbachia was determined by conduct-
ing PCR with primers speciWc for Wolbachia genes. The
primers ftsZ-1 (5�-GTTGTCGCAAATACCGATGC) and
ftsZ-2 (5�-CTTAAGTAAGCTGGTA TATC) amplify
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about 1050 bp of the ftsZ cell cycle protein. FtsZ-F (5�-T
ACTGACTGTTGGAGTTGTAACTAAGCCGT) and
ftsZ-R (5�-TGCCAGTTGCAAGAACAGAAACTCTAA
CTC) amplify about 570 bp in the middle of the larger ftsZ
segment (Werren et al., 1995b). An approximately 600 bp
piece of wspA, a Wolbachia surface protein gene, is pro-
duced with the primers wspA-81F (5�-TGG TCCAATAAG
TGATGAAGAAACTAGCTA) and wspA-691R (5�-AAA
AATTAAACGCTACTCCAGCTTCTGCAC) (Zhou
et al., 1998). Representatives of all three gene segments were
cloned and sequenced. DNA sequencing was done by the
Iowa State University DNA sequencing facility. GenBank
Accession Nos. are AY136550 and AF539858–AF539861.

2.4. Data analysis

The genetic relationships of the A. nigriscutis RFLP
haplotypes were determined using the RestSite software
(Miller, 1991) which relies on Nei’s measure of genetic dis-
tance. The software has the advantage of being able to ana-
lyze restriction fragment data generated by enzymes with
diVerent recognition site lengths in a single operation. Boot-
strapping is employed within the program but speciWc
bootstrap numbers are not part of the output. The genetic
distance matrix from RestSite was used for tree construc-
tion both within RestSite and also with the Neighbor and
Drawgram programs of PHYLIP (Felsenstein, 1993). Wol-
bachia sequences were compared to other sequences in the
NCBI database to determine to which of the major Wolba-
chia Supergroups this Wolbachia belongs. The Wolbachia
sequences were trimmed to comparable lengths and aligned
with Vector NTI AlignX (InVitrogen).

3. Results

The PCR amplicon used for RFLP analysis comprises
about 60% of the mitochondrial genome. The seven restric-
tion enzymes yielded 35 restriction patterns. DraI had the
fewest patterns with three. DpnII had the most with seven.
Approximately, 90 restriction fragments were scored for
each haplotype (Table 1) and 16 diVerent haplotypes were
identiWed (Table 2). Most of the haplotypes were rare. Only
Wve of the haplotypes were recovered in four or more of the
214 insects tested. The rare haplotypes were not concen-
trated at any particular location. Excluding the ALB1 and
ALB3 sites, all of the locations had more than one haplo-
type, with two sites having six haplotypes. The widespread
occurrence of divergent haplotypes reXects that this species
contained measurable genetic variability in the original
European collections and that establishment in North
America has not eliminated genetic diversity. The overall
diversity far exceeds what could have reasonably occurred
in the 10–15 years since the original releases. Haplotype N1
is the dominant haplotype. It was found at every site,
including the single insects at ALB1 and ALB3. Fully 78%
of the A. nigriscutis tested were haplotype N1 (Table 3).
A. nigriscutis was common at all of the Xea beetle
established sites except the two Canadian sites, ALB1 and
ABL3. At those two locations only 1/62 and 1/73, respec-
tively, were A. nigriscutis, however 60–80% of the beetles
were black (A. lacertosa) and the minority brown beetles
were predominantly A. cyparissiae. By contrast site ALB4
had only brown beetles with 70% being A. nigriscutis. The
mtDNA haplotypes from A. nigriscutis separate into two
major clades, A and B, with about 2% divergence between
the clades (Fig. 1). Haplotype N1 is the exclusive member
of clade A. The remaining 15 haplotypes make up the other
branch, clade B with <1% intra-clade divergence.

All but one of the insects whose mtDNA was evaluated
were tested for the presence of Wolbachia using one of the
ftsZ primer sets. In addition, 170 of the insects were also
tested with the wspA primer set. All insects testing positive
for Wolbachia using the ftsZ primer set also tested positive
with the wspA primers. Approximately 2/3 of the insects
tested positive for the presence of Wolbachia. Wolbachia
infection was restricted to one of the mtDNA haplotypes;
all of the Wolbachia infected individuals were haplotype N1
(Clade A). The overall infection rate for haplotype N1 is
86%. At sites where more than 10 individuals were tested,
infection rates ranged from 60% at LIS to 94% at WAR.
None of the 46 insects in Clade B tested positive for infec-
tion.

The nucleotide sequences of the ftsZ and wspA ampli-
cons were determined from several individuals. Three ftsZ
sequences of 570 bp, obtained from one Ward County
(2927) and two Medora (2594 and 2599) beetles, were iden-
tical. A 605 bp segment of the wspA gene was sequenced
from two Medora beetles (2595 and 2599) and one from
Ward County (2927). Beetle 2595 had a substitution at
position 371 that results in an amino acid change. A substi-
tution at position 517 of beetle 2599 does not aVect the
amino acid sequence. Comparison of the A. nigriscutis Wol-
bachia with other sequences in GenBank places both gene
segments Wrmly in the Wolbachia Supergroup A (data not
shown). Neither the ftsZ nor the wspA sequences were an
exact match to any other Wolbachia sequences currently in
the database. The closest match to ftsZ from another insect
diVers by Wve bases and comes from the European rasp-
berry beetle (Byturus tomentosus DeGeer, Byturidae, Gen-
Bank AJ250964).

The sex was determined for the insects that only a hind
leg was used for the DNA preparation. Some of the popula-
tions had remaining insects that were not used for DNA
and a sample of these was also used for sex determination.
All 18 FCL beetles examined were female, with 17 being
Clade A and 1 Clade B. Among 38 insects from ALB4, 36
were female and only 2 were males. All were haplotype N1.
Wolbachia was detected in 20 of the females and both of the
males. Twenty-two beetles from RIV were all female.
Among these, 17 were Clade A and all harbored Wolbachia.
Five were Clade B and none had Wolbachia. From the BLU
site 18 beetles were sexed resulting in 16 females and 2
males. 12/16 females are haplotype N1 (Clade A) and 10 of
them have Wolbachia. The four other females and the two
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males belong to Clade B and do not have Wolbachia. Over-
all 96 beetles comprised 92 females and 4 males.

4. Discussion

The mtDNA results point to a genetically divided group
of A. nigriscutis, a majority group that is monotypic for
mtDNA and a minority group with extensive mtDNA
diversity. The genetic distance between the two groups is
>2%. This compares to about 4.5–6.0% distance between
the known species. The 2% level suggests a period of repro-
ductive isolation that could be a manifestation of the Wol-
bachia infection or the result of diVerent geographical
origin locations. We have found no intermediates linking
the two groups. There is evidence from mites that Wolba-
chia can trigger assortative mating of infected versus unin-
fected individuals (Vala et al., 2003). We do not have any
information to indicate whether assortative mating is tak-
ing place within the subpopulations. Although the two
groups appear to coexist at most locations, it should be
pointed out that there are no historical data to establish
whether one of these two subpopulations is gaining at the
expense of the other. Given the >2% genetic separation of
the two clades, we cannot exclude the possibility that
A. nigriscutis comprises a species complex and the two
clades represent cryptic species.

Overall the results from A. nigriscutis do not suggest a
severe genetic bottleneck occurred during its introduction
into North America. The level of genetic diversity is far
greater than what would arise in the 10–15 years since
introduction. Although there are no available data for the
European populations, the logical inference is that the
Table 1
Aphthona nigriscutis restriction fragment patterns for 16S2-C2R amplicon

XbaI Size in base pairs
A. >5000, 1100, 625, 450, 300
B. >5000, 625, 551, 550, 450, 300
C. <4500, 1600, 625, 551, 550, 450, 300
D. 4500, 1600, 1050, 550
G. >5000, 625, 550, 450
H. <4500, 1600, 625, 551, 550, 450

AseI Size in base pairs
A. 650, 575, 550, 490, 460, 400, 375, 355, 320, 290, 255, 240, 200, 175, 160, 130, 115
B. 650, 620, 575, 550, 475, 460, 400, 375, 355, 320, 290, 245, 200, 175, 160, 130, 115
C. 620, 575, 550, 475, 460, 400, 375, 355, 320, 290, 245, 200, 175, 160, 130, 115
D. 650, 620, 575, 551, 550, 475, 460, 400, 375, 290, 245, 235, 200, 175, 160, 130, 115
E. 750, 650, 575, 550, 490, 460, 400, 375, 355, 320, 290, 255, 240, 200, 175, 160, 130, 115

AluI Size in base pairs
A. 1400, 870, 830, 650, 525, 510, 485, 420, 340, 280, 270, 230, 160, 150, 120, 100
B. 1350, 870, 830, 650, 525, 510, 485, 420, 340, 280, 270, 230, 160, 150, 120, 100
C. 1350, 870, 830, 650, 525, 510, 485, 420, 340, 280, 270, 230, 185, 160, 150, 120, 100
E. 1350, 1100, 830, 650, 525, 510, 485, 420, 280, 270, 185, 160, 150, 140, 120, 100

SspI Size in base pairs
A. 1600, 770, 510, 480, 420, 395, 360, 350, 300, 280, 250, 210, 200, 190, 110, 75
B. 1450, 770, 750, 510, 480, 420, 395, 360, 350, 300, 280, 265, 210, 200, 190, 110, 75
C. 1450, 770, 510, 480, 420, 395, 360, 350, 300, 280, 265, 250, 210, 200, 110
D. 1450, 770, 750, 510, 480, 420, 395, 360, 350, 300, 280, 265, 240, 210, 200, 190, 110, 75

DraI Size in base pairs
A. 1550, 950, 900, 840, 700, 425, 335, 300, 270, 240, 225, 190, 150, 125
B. 840, 730, 700, 650, 480, 440, 335, 300, 270, 240, 225, 190, 150, 125
C. 950, 900, 840, 730, 700, 650, 335, 310, 300, 285, 270, 240, 225, 190, 150, 125

DpnII Size in base pairs
A. 3300, 1000, 750, 650, 560, 525, 450, 410, 220, 200, 110, 100
B. 3300, 1250, 1000, 750, 560, 525, 500, 450, 220, 180
C. 4000, 2100, 1000, 560, 500, 450, 220, 180, 110
D. 4000, 2300, 1000, 560, 500, 450, 220
E. 3300, 1000, 750, 560, 525, 480, 450, 410, 220, 180
F. 4000, 1500, 1150, 1000, 560, 500, 220
G. 3800, 1150, 1000, 560, 525, 450, 420, 220, 180,110, 90

HinfI Size in base pairs
A. 2800, 2300, 1400, 525, 475, 380, 350, 200, 165, 140
B. 2600, 1600, 1400, 1150, 525, 450, 380, 260, 165, 140
C. 2600, 1600, 1400, 825, 650, 450, 380, 350, 165, 140
D. 2600, 1600, 1400, 750, 525, 450, 380, 350, 165, 140
E. 2600, 1450, 1400, 770, 525, 450, 380, 350, 260, 165, 140
F. 2600, 1600, 1400, 1150, 525, 450, 380, 350, 165, 140
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diversity existed in Europe. The records associated with the
introductions concur to the extent that original releases did
not derive from a few tens of insects. In 1989 a total of 1111
A. nigriscutis that had been collected from Baja, Hungary
were released by APHIS at seven sites in the USA
(meanD 158/site). Since some insects were used for identiW-
cation, or placed on potted plants during quarantine, or
died in transit a conservative estimate of 1400–1500 insects
in the original collections seems reasonable. APHIS
repeated the collection and importation in 1990 (probably
with similar numbers although the records are currently not
available). In 1989 and 1990, APHIS also released 200–1000

Table 2
mtDNA haplotypes in A. nigriscutis

a Restriction patterns as described in Table 1.
b N#D A. nigriscutis haplotype number. See Section 2.

Haplotypeb Restriction digestion patternsa

XbaI AseI AluI SspI DraI DpnII HinfI

N1 A A A A A A A
N2 D B C B B B B
N3 C C C B C C C
N4 B C B B C D D
N5 C B C B B B B
N6 D B B B B B B
N7 B C C B C C C
N8 C C B B C C C
N9 C D B B B B B
N11 C B C B B F B
N12 H B C B B B F
N13 C B C B C C C
N14 C B E B B B B
N15 G B C D B G B
N16 C B B B B B B
N19 C B E B C F E
beetles per site at a number of locations. These insects came
from Cardston, Alberta, Canada where they had been
established in the middle 1980s from collections also made
near Baja, Hungary (Hansen et al., 1997; R Hansen, per-
sonal communication). Over the entire time period, a sub-
stantial number of A. nigriscutis were imported to North
America although they were obtained from a limited geo-
graphic range. Various state and university groups
imported and released beetles at other locations during this
same time period.

Wolbachia is an intracellular bacteria with widespread
distribution among insects, crustaceans, and nematodes
(Stouthamer et al., 1999; Werren, 1997). Depending on the
detection methodology, Wolbachia has been found in 20–
76% of insects (Jeyaprakash and Hoy, 2000; Jiggins et al.,
2001; Werren et al., 1995a). Wolbachia is associated with
reproductive disruptions including cytoplasmic incompati-
bility (CI), parthenogenesis induction, feminization of
males, and killing of male embryos (Stouthamer et al., 1999;
VanBorm et al., 2001). There is ample evidence of Wolba-
chia infections spreading and replacing uninfected popula-
tions. The discovery of Wolbachia in the monotypic
mtDNA clade gives us some clues about how the separa-
tion of that clade might have arisen and been maintained.
Two of the more easily recognized population conse-
quences associated with Wolbachia infections are a loss of
mtDNA diversity associated with infection and a possible
distortion of the sex ratio in favor of females. Wolbachia
infection is restricted to clade A which has no observed
intra-clade mtDNA diversity. That clade accounts for
about 2/3 of the beetles averaged over a wide area. The
uninfected clade B has considerably more mtDNA variabil-
ity, a total of 15 haplotypes. Since both Wolbachia and
Table 3
Number of A. nigriscutis haplotypes at each collection site and Wolbachia infection status of each haplotype

W+, infected; W¡, uninfected.
a Haplotype numbers as in Table 2.
b Collection sites are described in Section 2.
c Number in parentheses is the number that tested positive for Wolbachia.

Haplotypea Collection site and dateb W+ W¡ Total

MED 6/28/01 LIS 6/25/02 WAR 8/8/02 RIV 6/18/03 FCL 6/18/03 BLU 6/18/03 ALB1 7/03 ALB3 7/03 ALB4 7/03 & 7/04

N1 2(2)c 15(9) 72(68) 12(9) 17(13) 8(8) 1(1) 1(1) 41(34) 144 24 168
N2 2 6 1 1 10 10
N3 1 2 6 9 9
N4 2 2 2
N5 2 6 8 8
N6 1 1 1
N7 1 1 1
N8 4 4 4
N9 1 1 2 2
N11 2 2 2
N12 2 2 2
N13 1 1 1
N14 1 1 1
N15 1 1 1
N16 1 1 1
N19 1 1
Total 8 20 87 15 18 18 1 1 46 144 69 214
%N1 12 75 83 80 94 44 100 100 89 67 33
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mtDNA are maternally inherited, an expanding Wolbachia
infection may be accompanied by the mtDNA genotype(s)
that were initially infected. The outcome, known as a Wol-
bachia-associated mitochondrial sweep, is a signiWcant
reduction of mtDNA diversity in the infected populations
as the mtDNA hitchhikes along with the spreading Wolba-
chia infection (Armbruster et al., 2003; Behura et al., 2001;
Rokas et al., 2001; Shoemaker et al., 1999, 2003; Turelli
et al., 1992). The mtDNA observations for A. nigriscutis are
consistent with this scenario. Wolbachia may also be associ-
ated with less dramatic reductions of variability in the
nuclear genome (Telschow et al., 2002).

In general, a strong female bias was found at several of
our collection sites, which agrees with previous sex ratio
assessments (Brinkman, 1997; Cawthra, 2002; Kazmer,
2001; Nowierski et al., 2001). Kazmer (2001) has also
reported that A. nigriscutis males do not contain Wolba-
chia. Our observation of two males from Alberta that were
haplotype N1 and tested positive for Wolbachia appears to
counter that claim.The scant number of males we observed
makes it impossible for us to comment about the ratio of
Wolbachia infected to uninfected males. The amount of
genetic diversity we found suggests that the spotty estab-
lishment of A. nigriscutis cannot be attributed to an unusu-
ally narrow genetic base of the imported populations. The
phenology of the beetles or the eVects of an extremely
biased sex ratio could potentially have an impact on estab-
lishment frequencies. Future collections will attempt to Wnd
and target locations that have normal sex ratios. If Wolba-
chia is linked to excess females, then it would be expected

Fig. 1. Tree from RestSite genetic distance matrix of A. nigriscutis mtDNA
haplotypes. N#-A. nigriscutis, haplotype numbers as shown in Table 2. C1-A.
cyparissiae; L#-A. lacertosa haplotypes. Scale is genetic distance.
that sites with a female-biased sex ratio should have higher
proportions of mtDNA haplotype N1. Conversely, a near
50/50 sex ratio should be accompanied by increased num-
bers of the clade B haplotypes.

It is extremely diYcult to evaluate biocontrol possibilities
and outcomes when the important variations in the biologi-
cal control agent cannot be reliably identiWed. Although the
foreign collections of biocontrol agents are tested for their
impact on target and non-target organisms, critical genetic
studies within and between populations of potential biocon-
trol agents have not often been performed prior to their
release. For example, microsatellite markers for another leafy
spurge biocontrol candidate, the leafy spurge gall midge
(Spurgia esulae Gagne, Cecidomyiidae), have been reported
in the past year (Lloyd et al., 2004). The markers represent
the beginning of genetic studies with that species. The midge
was introduced into North America in 1985, around the
same time as the Wrst releases of Aphthona were taking place.

Monitoring intraspeciWc genetic variation of potential
classical biological control agents will improve the success
of biological control. For example, by comparing genetic
proWles of a parasitoid, Microctonus aethiopoides, Goldson
et al. (2001) were able to identify a foreign source of the
biocontrol agent that was better than the population
already established in New Zealand. Similar identiWcation
of locally adapted strains of Aphthona may be possible by
linking ecological performance to observed haplotypes. The
population genetic issues for introduced natural enemies
are essentially the same as those for invasive species, the
practical diVerence being that in the former, the “invasive-
ness” is to be encouraged and in the latter, “invasiveness” is
trying to be throttled (Sakai et al., 2001).

These results also provide a molecular basis for identify-
ing A. nigriscutis larvae which will be useful for ecological
studies of interspeciWc competition especially at larval feed-
ing strategies. Aphthona larvae are the key damaging stage
for leafy spurge plants; however, to date most studies of
beetle populations have been of adult beetles because of
ease of collection and availability of taxonomic keys
(LeSage and Paquin, 1996, 1997). IdentiWcation of Aphth-
ona larvae to species has not been possible. Our results with
A. nigriscutis in combination with three other Aphthona
species (unpublished) will provide a PCR basis for identiW-
cation of the immature insects.

Little is known about what eVect a Wolbachia infection
may have on the eYcacy of a biocontrol release (Mochiah
et al., 2002). Kazmer (2001) has suggested that Aphthona
population growth rates may be slower because of
reduced female insemination rates. The fact that both
infected and uninfected populations exist at the A. nigri-
scutis release sites indicates that it may be possible to sep-
arate uninfected individuals and establish Wolbachia free
populations at isolated sites to see if they are more eVec-
tive for leafy spurge control than the current predomi-
nantly infected populations. There is also the potential for
curing Wolbachia infected individuals using antibiotics or
heat treatments. This would retain the current genetic
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base of the established populations. If Wolbachia infec-
tions are shown to have a negative eVect on biological
control programs for leafy spurge in North America, new
collections from Europe would be another potential
source of Wolbachia-free insects that would introduce
new insect genetic material as well. At this stage some
caveats apply. There are other microorganisms that have
been shown to aVect insect sex ratios (Zchori-Fein and
Perlman, 2004). Wolbachia is the best candidate here
because the insects carry it, but possible aVects by other
species cannot be ruled out. Additionally, a variety of host
plant adaptations could also explain the eVective estab-
lishment of Aphthona beetles at some locations but not
others. One intriguing hypothesis suggests that plants can
rapidly switch defense strategies between repelling spe-
cialized herbivores and repelling generalist herbivores
especially when moved to a new environment (Müller-
Schärer et al., 2004). The interaction between the three
genomes (beetle, microbe, and plant) is likely to be
complex.
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